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[57] ABSTRACT
An improved method of producing a nickel-base single

Ml e

~ crystal superalloy cast article having a refined gamma

prime phase disposed in a gamma phase matrix includes
casting the single crystal article with a coarse gamma
prime phase disposed in a gamma phase matrix. A stress
concentration may be formed in a portion of the article.
This stress concentration may be of sufficient severity
to cause recrystallization upon heating of the single
crystal article to a solution heat treatment temperature
at which the gamma prime phase can go into solid solu-
tion in the gamma phase. To prevent recrystallization
from occurring, the severity of the stress concentration
is reduced by heating the single crystal article to a re-
covery temperature which is below the temperature at
which recrystallization occurs. Thereafter, the article is
solution heat treated to cause the gamma prime phase to
go into solid solution with the gamma phase. A refined
gamma prime phase is then precipitated in the gamma
phase matrix while the single crystal structure of the
article is maintained. |

6 Claims, 5 Drawing Figures
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METHOD OF PRODUCING A SINGLE CRYSTAL
ARTICLE

BACKGROUND OF THE INVENTION

The present invention relates to a new and improved
method of producing a nickel-base single crystal super-
alloy cast article.

Nickel base single crystal supera]loy articles may be
cast with a coarse gamma prime phase dispersed in a
gamma phase matrix. In order to improve the morphol-
ogy of the gamma prime matrix, the single crystal arti-
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cle is subjected to a solution heat treatment. During the .

solution heat treatment, the article is heated to a temper-
ature which is slightly below the solidus temperature of

the article for a sufficient period of time to cause the

gamma prime phase to go into solution with the gamma

phase. Thereafter, the gamma prime phase is re-
precipitated from the gamma phase in refined form. One
known method of casting a single crystal article with a
coarse gamma prime phase and subsequently solution
heat treating the article to form a refined gamma prime
phase i1s disclosed in U.S. Pat. No. 4,209,348.

During the solution heat treatment of a single crystal
article, recrystallization of a portion of the article tends
to occur in areas where there is an excessive stress con-
centration, that is areas of high stored energy and dislo-
cation densities. The recrystallization i1s a result of nu-
cleation of crystals at these areas and substantial growth

in the crystals during the solution heat treatment opera-

tion. The excessive stress concentration can be due to
the entrapment at critical locations of parts of an article
by a ceramic mold as it i1s being cast and/or by mechani-
cal impacts against the cast article. Of course, the re-
crystallization of the article at areas of stress concentra-
tion destroys the single crystal characteristics of the
article. |

SUMMARY OF THE PRESENT INVENTION

The present invention eliminates recrystallization of
single crystal cast articles during solution heat treat-
ment by first subjecting the cast articles to a recovery
heat treatment. The recovery heat treatment is per-
formed at a temperature which is below the tempera-
ture at which recrystallization occurs. The recovery
heat treatment temperature is also below the tempera-
ture to which the article must be heated in order to
cause the gamma prime phase to go into solid solution in
the gamma phase. Therefore, after the recovery heat
treatment, the article ts solution heat treated by heating
it to a temperature which is below the solidus tempera-
ture of the article and above the recrystallization and
recovery temperatures of the article to cause the
gamma prime phase to go into solution with the gamma
phase. Thereafter, a refined gamma prime phase is pre-
cipitated in the gamma phase matrix while the single
crystal structure of the article is maintained. |

Accordingly, 1t 1s an object of this invention to pro-
vide a new and improved method of producing a single
crystal article by subjecting the article to a recovery
heating operation at a temperature below the recrystal-
lization temperature of the article and then subjecting
the article to a solution heat treatment operation to
cause the gamma prime phase to go into solid solution
with the gamma phase without recrystallization at por-
tions of the article where stresses were concentrated.
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BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects and features of the
present invention will become more apparent upon a
consideration of the following description taken in con-
nection with the accompanying drawings wherein:

FIG. 1 1s a schematic sectional view illustrating the -
relationship between a single crystal cast article and a

ceramic mold;

FI1G. 2 1s a schematic sectional view of a portion of
the single crystal article of FIG. 1 and illustrating a.
regton that was highly stressed and where there is a
high dislocation density;

FIG. 3 is a schematic sectional view illustrating how
recrystallization occurs at the stress concentration
shown in FIG. 2 upon solution heat treatment of the
single crystal cast article;

FIG. 4 is a schematlc sectional view of the stress
concentration of FIG. 2 after the single crystal article
has been subjected to a recovery heat treatment at a
temperature below the recrystallization temperature of
the article; and

FIG. § is a schematic illustration of the portion of the
article of FIG. 4 after the article has been subjected to
a solution heat treatment. |

- DESCRIPTION OF SPECIFIC PREFERRED
EMBODIMENT OF THE INVENTION

A single crystal vane or airfoil 10 is illustrated in
FIG. 1 in a ceramic mold 12. The single crystal airfoil
10 may be cast from a nickel-base superalloy in a man-
ner similar to that disclosed in U.S. Pat. No. 3,494,709.
During casting of the airfoil 10, the portion of the mold
12 between bases 14 and 16 at opposite ends of the
airfoill 10 may tend to hold the single crystal airfoil
against axial contraction as the airfoil cools. This results
in the formation of stress concentrations at fillets 18 and
20. The stress concentrations will be particularly severe
at the fillet adjacent to the last base 14 or 16 to cool.
This has been assumed herein to be the fillet 18 adjacent

to the base 14.

The manner in whlch a stress concentration 1s formed
adjacent to the fillet 18 has been indicated schematically
in FIG. 2. When the concentration or level of stress is
sufficiently high in the filled region 18, localized perma-
nent (plastic) deformation or an area of high dislocation
density result. This area of high dislocation density or
cencentration of stresses has been indicated in FIG. 2 by
inverted T’s 24. Normal areas of density of dislocations
have been indicated by the spaced apart inverted T’s 28.

The severe stress concentration at the fillet 18 results
in a high density of dislocations at the fillet 18. When
the single crystal article 10 is subjected to a solution
heat treatment operation to percipitate a refined gamma
prime phase in a gamma phase matrix in a manner simi-
lar to that disclosed in U.S. Pat. No. 4,209,348, recrys-
tallization occurs adjacent to the fillet 18 in the manner
illustrated schematically in FIG. 3. Thus, upon solution
heat treatment of the nickel-base single crystal superal-
loy airfoil 10 to improve the morphology of the gamma
phase, crystals 32 are nucleated at the fillet 18 (FIG. 3)
where there was an extensive concentration of disloca-
tions 24 (see FIG. 2). The formation of the crystals 32
destroys the single crystal structure of the cast article 10
and may be so detrimental as to requlre scrapplng of the
article.

Although the stress concentration has been shown in
FI1G. 2 as occurring at the fillet 18 due to entrapment of
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the casting 10 as it cools, it 1s contemplated that the
stress concentration could be due to other causes. For
example, an impacting of the cast article against an
object during removal of the article from the mold or
subsequent cleaning of the article could cause a local-
ized stress concentration leading to localized permanent

deformation in the area of the impact. It is contemplated

that there may be other factors which could result in
stress concentrations to an extent sufficient to result 1n

recrystallization upon solution heat treatment of the
airfoil 10. Although the occurrence of recrystallization
has been described herein in connection with the airfoil
10, it is contemplated that recrystallization due to the
stress concentrations will be a problem in other single
crystal articles.

In accordance with a feature of the present invention,
recrystallization of the single crystal article 10 during
solution heat treatment is prevented by subjecting the
article to a recovery heat treatment prior to the solution
heat treatment of the article. The recovery heat treat-
ment is conducted at a temperature which is below the
temperature at which recrystallization occurs.

In order to effect recrystallization at a stress concen-
tration, the single crystal article must be heated to a
sufficiently high temperature to enable recrystallization
to occur. The recrystallization temperature is the tem-
perature which the stored energy In an article is re-
leased or dissipated by the nucleation and growth of
new strain free or unstressed grains or crystals. Of
course, the nucleation of these crystals destroys the
integrity of the single crystal article. Therefore, the
recovery heat treatment 1s conducted at a temperature
below the temperature at which recrystallization occurs
to enable the stresses to be relieved without recrystalli-
zation.

Thus, in accordance with the present invention, the
article 10 having an excessive number of dislocations 24
adjacent to the fillet 18 is subjected to a recovery heat
treatment at a temperature below the recrystallization
temperature of the article. This recovery heat treatment
reduces the dislocation density to a level below the
critical density at which recrystallization occurs. When
the article 10 1s subjected to a recovery heat treatment,
the density of dislocations adjacent to the fillet 18 1is
reduced from the relatively high density shown in FIG.
2 to the relatively low density indicated in FIG. 4. The
high dislocation density is relieved due to a diffusion
mechanism which results in a reduction of the high
energy dislocations adjacent to the fillet 18.

After the density of dislocations adjacent to the fillet
18 has been reduced to a density below the critical
density sufficient to cause recrystallization, the airfoil
10 is cooled and subsequently subjected to a solution
heat treatment. During the solution heat treatment, the
article 10 is heated to a temperature which is below its
solidus temperature and above the recrystallization and
recovery temperatures of the article. The solution heat
treatment causes the gamma prime phase of the article
10 to go into solid solution with the gamma phase.

After the solution heat treatment has been completed,
the article is cooled. During a subsequent, aging treat-
ment, the gamma prime phase is reprecipitated in a
relatively fine form. Therefore when the solution heat
treatment is conducted after a recovery heat treatment,
the morphology of the gamma prime phase is improved
without recrystallization in areas of stress concentration
in the article. This results in the single crystal structure
of the article being preserved. After the solution heat
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treatment and precipitation of the refined gamma prime
phase, the dislocation density adjacent to the fillet 18 in
the article 10 is generally the same as the other portions
of the article in the manner illustrated schematically in
FIG. 5. If desired the solution heat treatment can be
undertaken without cooking the casing after completion

of the recovery heat treatment.
In one experiment a group of 42 castings of single
crystal turbine blades were formed of the commercially

available nickel-base superalloy, PWA 1480. Of the 42
castings, 20 of them were subjected to a recovery heat
treatment at 1800° F. for a period of 24 hours in a push-
er-type preheat furnace. After the castings had cooled,
both the 20 castings which were subjected to the recov-
ery heat treatment and the remaining 22 castings were
subjected to a solution heat treatment at a temperature
of approximately 2340° F. which is slightly below the
2355° F. solidus temperature of the metal.

After the solution heat treatment, the 42 castings
were inspected. The 20 castings which were subjected
to the recovery heat treatment showed no recrystalliza-
tion. However, the 22 castings which were not sub-
jected to the recovery heat treatment showed a 1009%
rejection rate due to recrystallization during the solu-
tion heat treatment. |

In another experiment, three single crystal bars of a
nickel-base superalloy, PWA 1480, were masked off
into areas § of an inch long by 4 inch wide. The single
crystal bars were 3 inches long and had a square cross
section with 1 inch sides. The bars were subjected to
shot peening treatments using 0.023 inch diameter steel
shot, Rockwell hardness C50-60 for ten seconds at pres-
sures of 15, 30, 60 and 80 psi.

The bars were then cut into sections and divided into
three groups, each of which contained bar sections shot
peened at 15, 30, 60 and 80 psi. The first group of bar
sections was subjected to a recovery heat treatment at
1800° F. for a period of 24 hours. After a solution heat
treatment at a temperature of approximately 2340° F.,
the bar section subjected to shot peening at 15 psi was
free of recrystallized grains. The other three bar sec-
tions showed recrystallized grains which increased in
number with increasing shot peening pressure. How-
ever, the number of these recrystallized grains was far
less than what would have occurred if there had been
no recovery heat treatment, indicating that substantial
stress relief had occurred. It is believed that if the re-
covery heat treatment had been undertaken for a longer
time period, there would have been no recrystallized
grains.

The second group of bar sections were subjected to a
recovery heat treatment at 1900° F. for a pertod of 24
hours. After a solution heat treatment at a temperature
of approximately 2340° F., the bar sections subjected to
shot peening at 15 psi and 30 psi were free of recrystal-
lized grains. The other two bar sections showed recrys-
tallized grains which increased in number with increas-
ing shot peening pressure. The number of recrystallized
grains in the bar sections which were shot peened at 60
and 80 pst were fewer than were present in the corre-
sponding bar sections subjected to an 1800° F. recovery
heat treatment.

The third group of bar sections were subjected to a
recovery heat treatment at 2000° F. for a period of 24
hours. After solution heat treatment at a temperature of
approximately 2340° F., the bar section subjected to
shot peening at 15 psi was free of recrystallized grains.
The other three bar sections appeared to be the same as
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if they had not been subjected to a recovery heat treat-
ment, that is, they each contained a multitude of recrys-
tallized grains. It is believed that the 2000° F. recovery
heat treatment of the three bar sections exceed their
recrystailization temperatures.

From the foregoing experiments it is believed that
recovery heat treatment at.a temperature of approxi-
mately 1800° F.-1900° F. is satisfactory for airfoils
formed of the commercially available nickel-base super-
alloy PWA 1480. However, a different nickel-base su-
peralloy could be used if desired. It is believed that
there is a range of recovery heat treatment temperatures
which will be satisfactory for this alloy and/or other
alloys. The extent of this range is not known at the
present time. In any case, the recovery heat treatment
should be conducted at a temperature which is below
the recrystallization temperature of the alloy and, of
course, below the solidus temperature of the alloy. Sim-
ilarly, it is contemplated that the solution heat treatment
can be conducted at temperatures other than 2340° F. so
long as the solution heat treatment is conducted at a
temperatures which is below the incipient melting and
solidus temperature of the alloy and above the minimum
temperature at which the gamma prime phase enters
into solid solution with the gamma phase of the alloy.

In view of the foregoing description it i1s apparent
that the present invention eliminates recrystallization of
single crystal cast articles during solution heat treat-
ment by first subjecting the articles to a recovery heat
treatment. In one specific instance, a single crystal cast
article formed of the nickel-base superalloy PWA 1480
was subjected to a recovery heat treatment at a temper-
ature of 1800° F. This temperature is below the temper-
ature at which recrystallization occurs in the nickel-
base superalloy PWA 1480. The recovery heat treat-
ment temperature of 1800° F. was also below the 2340°
F. temperature to which the single crystal article
formed of PWA 1480 must be heated in order to cause
the gamma prime phase to go into solid solution in the
gamma phase. After the recovery heat treatment, the
article was solution heat treated by heating it to 2340° F.
which is below the 2355° F. solidus temperature of the
article and above the recrystallization and recovery
temperatures of the article to cause the gamma prime
phase to go into solution with the gamma phase. There-
after, a refined gamma prime phase was precipitated 1n
the gamma phase matrix while the single crystal struc-
ture of the article was maintained.

Although the article in the foregoing example was
formed of the nickel-base superalloy PWA 1480, it is
contemplated that the present invention may be prac-
ticed in conjunction with other nickel-base superalloys.
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It is also contemplated that the recovery and solution
heat treatment temperatures other than the 1800° F. and
2340° F. set forth herein may be used. |

Having described one specific preferred embodiment
of the invention, the following is claimed:

1. A method of producing a nickel-base single crystal
superalloy article having a refined gamma prime phase
disposed in a gamma phase matrix, said method com-
prising the steps of casting a nickel-base single crystal
superalloy article having a coarse gamma prime phase
disposed in a gamma phase matrix, forming in the single
crystal article a stress concentration of sufficient sever-
ity to cause recrystallization upon heating of the single
crystal article to a solution heat treatment temperature
at which the gamma prime phase can go into solid solu-
tion in the gamma phase, reducing the severity of the
stress concentration by heating the single crystal article
to a recovery temperature which is below the tempera-
ture at which recrystallization occurs in the portion of
the article containing the stress concentration, after
reducing the severity of the stress concentration, solu-
tion heat treating the article by heating the article to a
temperature which is below the solidus temperature of
the article and above the recrystallization and recovery
temperatures to cause the gamma prime phase to go into
solid solution with the gamma phase, and, thereafter,
precipitating a refined gamma prime phase in the
gamma phase matrix while maintaining the single crys-
tal structure of the article.

2. A method as set forth in claim 1 wherein said step
of heating the article to a recovery temperature includes
heating the article to a temperature of about 1800° F.

3. A method as set forth in claim 1 wherein said step
of forming a stress concentration in a portion of the
single crystal article includes the step of applying forces
to the single crystal article with a mold during casting
of the article. | |

4. A method as set forth in claim 1 wherein said step
of forming a stress concentration in a portion of the
single crystal article includes the step of impacting
against the single crystal article after the article has
been cast. |

5. A method as set forth in claim 1 wherein said step
of solution heat treating the article includes the step of
heating the article to a temperature which 1s above
2300° F.

6. A method as set forth in claim 5 wherein said step
of heating the article to a recovery temperature includes

‘the step of heating the article to a temperature of ap-

proximately 1800° F.-1900° F. for a period of approxi-

mately 24 hours.
£ ok % k%
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